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Summary
Background: A limitation of transcranial Doppler (TCD) ultrasound is the inability to distinguish
tiny benign bubbles from potentially hazardous particulate emboli based on analysis of the
intensity of backscattered ultrasound. This study examines the Doppler characteristics of small
microbubbles detected during screening of patients for a patent foramen ovale (PFO). The aim
of this study was to identify unique microbubble properties that could differentiate between
solid and gaseous emboli.
Methods: Bilateral TCD monitoring of the middle cerebral arteries (MCA) was performed for 34
patients during PFO screening using agitated saline. Patients were injected up to three times
and asked to perform a valsalva manoeuvre. The raw audio data was recorded onto an external
laptop for subsequent analysis.
Results: Eleven patients tested positive for a PFO, yielding 331 embolic signals with intensities
<35 dB. The median peak measured-embolus-blood-ratio (MEBR) was 25.7 dB and the median
duration was 33.0ms. The majority of signals lasted between 12 and 92ms, which are much
longer than previously reported for particulate thrombus where the majority of signal dura-
tions are between 6 and 41ms. Pearson correlation tests revealed a weak positive correlation
between estimated microbubble velocity and signal duration (0.26, p < 0.0001).
Conclusions: Doppler signal properties were analysed for over 300 microbubbles recorded in
vivo. Microbubble signal duration was found to be higher thanmeasured for solid emboli. Further
work to develop a clinically useful model based on microembolus properties to differentiate
solid and gaseous is ongoing.
© 2012 Elsevier GmbH. Open access under CC BY-NC-ND license.∗ Corresponding author.
E-mail address: Caroline.Banahan@uhl-tr.nhs.uk (C. Banahan).
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Open access under CC BY-NC-ND license.ntroductionlthough transcranial Doppler ultrasound (TCD) is a sensitive
ool for detecting emboli as they pass through the cerebral
irculation, the challenge remains to characterise emboli by
ize and composition using the backscattered Doppler signal.
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It is believed that embolus composition (solid emboli) and
size (larger emboli) are important in predicting clinically sig-
niﬁcant complications. For example, patients on bypass for
open-heart surgery are known to receive multiple showers of
predominantly gaseous emboli but may also have some solid
emboli due to pre-existing cardiovascular disease. These
emboli have been linked to post-operative neurocognitive
decline and stroke [1]. Most studies estimate the risk to
these patients by counting the number of emboli detected
during surgery without considering how size and composition
may inﬂuence the outcome; a small microbubble is likely to
be insigniﬁcant compared to a larger macrobubble or solid
embolus [2,3].
Studying the backscattered intensity alone does not pro-
vide enough information to determine embolus composition;
calculations using scattering theory reveal that a small
microbubble will backscatter with a comparable intensity to
a larger solid embolus: assuming a vessel radius of 1.25mm
and a sample volume length of 10mm, a 4m gaseous
embolus is predicted to backscatter with a similar intensity
to a 130m solid (thrombus) embolus [4]. Different sig-
nal properties therefore need to be explored to determine
embolus composition. One such property is the frequency
modulation. Previous studies have shown that the embolic
signatures of gaseous emboli have a high frequency modu-
lation index compared to solid emboli [5,6]. Souchon et al.
suggested that this high frequencymodulation index was due
to a radiation force effect, which alters the trajectory of gas
bubbles in the artery [7]. Promising results were shown in
their in vitro study but as discussed by the authors, due to
natural complications in vivo, one could expect to see a low
frequency modulation from a gas bubble if it crosses a small
part of the sample volume. Thus the technique may produce
a high false positive when identifying solid emboli.
Another avenue explored has been the dual-frequency
method [8]. It is based on the frequency dependent nature
of backscattering from different emboli types. For a 2.0 and
2.5MHz probe, the ratio of the backscattered intensity from
the embolus compared to the backscattered signal from
blood (MEBR) from gas bubbles will be lower at 2.5MHz com-
pared to 2.0MHz. For small solid particles the MEBR value
from both frequencies will be approximately the same until
the particle size approaches the ultrasound wavelength, at
which point the MEBR at 2.5MHz will be greater than for
2.0MHz. In theory this technique sounds plausible, but Evans
and Gittins [9] found that in practice differences in the beam
shapes for 2.0 and 2.5MHz led to uncertainties in the mea-
surements of the ratios of MEBR at both frequencies. This, in
turn, limits the accuracy of the technique with a signiﬁcant
percentage of emboli misclassiﬁed.
Other studies have tried to determine embolus composi-
tion by analysing the signal properties from ‘pure’ sources
of either solid or gaseous emboli. Darbellay et al. studied
3428 high intensity transient signals (HITS) recorded from
stroke patients with carotid stenosis and patients undergo-
ing a patent foramen ovale (PFO) test [10]. They used three
types of statistical classiﬁers: binary decision trees, artiﬁ-
cial neural networks and support vector machines to try and
distinguish between gas and solid particles. They drew up a
list of features from these signals and found that MEBR and
SDSE (standard deviation of the slope of the envelope) pro-
duced the most stable binary decision tree to differentiate
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etween the two types (with a sensitivity and speciﬁcity of
1%). The best classiﬁcation was achieved using 20 features
rom recorded emboli and the support vector machines (86%
ensitivity and speciﬁcity). However, for such an increase in
omplexity the improvement was marginal when at least 95%
peciﬁcity and sensitivity is needed to make the classiﬁer
aluable in a clinical environment.
Chung et al. studied the characteristics of Doppler
mbolic signal properties from solid emboli detected
ollowing carotid endarterectomy [11]. Characteristic dis-
ributions were observed for embolic velocities, implying
hat solid emboli had a preferred trajectory through the
iddle cerebral artery (MCA). A signature peak was also
bserved when the MEBR was combined with embolic signal
uration. In this study, a similar analysis is carried out using
he Doppler signal properties from microbubbles detected
sing TCD during screening tests for a PFO. Thus a compari-
on can be made between the signal properties of solid and
aseous emboli to determine if any unique property or set
f properties exists for microbubbles that may allow us to
istinguish between solid and gaseous emboli.
aterials and methods
ranscranial Doppler ultrasound signals were recorded from
atients being screened for a PFO after paradoxical stroke.
hese patients had no signiﬁcant carotid artery abnor-
alities and transesophageal echocardiography showed no
hrombus lodged in the heart. A Nicolet Biomedical Com-
anion III TCD machine was used and bilateral monitoring
f the MCAs was performed using 2MHz transducers. The
ontrast consisted of 0.5ml of air and 0.5ml of blood vig-
rously mixed with 8.5ml of saline solution and injected
nto the anticubital vein via a three-way stopcock immedi-
tely after contrast preparation. If no microbubbles were
etected after the ﬁrst injection, then a further two injec-
ions were made with a valsalva manoeuvre. The analogue
ignal from the Companion III was recorded onto a Dell
recision laptop (1.995GHz, 2MB L2 cache) using a Sony
X-UT10 data acquisition system. The data were analysed
fﬂine using an in-house program developed in Matlab.
ata analysis
ue to the limited dynamic range of the Companion III, many
oppler signals recorded from the gaseous emboli were sat-
rated; therefore only signals that were not clipped were
sed for further analysis. Raw audio data were extracted
nd analysed using an in-house program developed in Matlab
Mathworks Inc., Natick, MA, USA). Embolus and background
indows were manually selected by the operator to ensure
o artefacts were present. The background window was
ntegrated and normalised with respect to time to estimate
n average background value, for comparison with the aver-
ge intensity of backscatter from the embolus to give a
easured embolus-to-blood ratio (MEBR):(
IE+B
)EBR = 10 log10 IB dB (1)
here IE is the average intensity of the embolic signal and IB
s the intensity of the average background audio signal. The
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Table 1 Signal properties from 331 microbubbles recorded
during a screening test for a PFO using transcranial Doppler
ultrasound.
Microbubble signal properties
Median 5th centile 95th centile
MEBR (dB) 15.6 7.9 21.7
Peak MEBR (dB) 25.7 17.4 31.3
Duration (ms) 33.3 12.3 91.6
ZCF (Hz) 520.8 244.3 1025.9
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Table 2 Pearson correlation tests for the various embolic
signal properties.
Pearson correlation test (p < 0.01) (331 bubbles)
MEBR (dB) Duration (ms)
Peak Average
Velocity (cm s−1) 0.16 0.17 −0.23
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(cm s−1)
23.0 10.9 45.6
eak MEBR was calculated by replacing IE with IEP in Eq. (1)
here IEP is the maximum intensity of backscatter from the
mbolus. The duration of the embolus was also extracted in
illiseconds and the zero-crossing frequency (ZCF) in Hertz.
he latter was then used to calculate embolus velocity via
he Doppler equation. Velocities are angle-corrected based
n a Doppler angle of 30◦. Pearson correlation tests were
hen used to discern if any correlation exists between these
roperties.
esults
leven patients tested positive for a PFO yielding 331
mbolic signals with intensities less than 35 dB. Table 1 dis-
lays the average values for various signal properties along
ith median values and 5% and 95% percentiles due to the
on-normal distribution of these properties. 90% of gaseous
mboli possess MEBR values between 7.9 and 21.7 dB and
eak MEBR values between 17.4 and 31.3 dB. The major-
ty of microbubble signals lasted between 12.3 and 91.6ms
ith a median signal duration of 33.3ms. Combining the
bove information a characteristic peak for microbubble
ignals was observed with a peak at ∼15.6 dB and dura-
ion of ∼33.3ms (see Fig. 1). The median ZCF of 520Hz
igure 1 The characteristic peak for 331 microbubble signals
peak ∼15.6 dB and duration ∼33.3ms).
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orresponds to an estimated velocity of 23.2 cm s−1 and
0% of the signals had velocities between approximately
0.9 and 45.6 cm s−1. Table 2 lists the Pearson correlation
oefﬁcients for various pairs of embolic signal parameters.
earson correlation tests showed a weak positive correlation
etween estimated velocity and duration (0.24, p < 0.0001).
weak negative correlation was also found for the average
EBR and embolic signal duration (−0.16, p < 0.01).
iscussion
he signal properties from 331 microbubbles have revealed
ome interesting distinguishing features that differ from
he same signal properties previously analysed for solid
mboli [11]. The majority of solid emboli in [11] had sig-
al durations between 6.2 and 40.5ms which are much
horter than the range observed for gaseous emboli in this
tudy (12.3—91.6ms). Solid emboli had a distinctive peak
t ∼7 dB with a duration of ∼12.5ms which contrasts with
hat observed for gaseous emboli (peak at ∼15.6 dB, dura-
ion ∼33.3ms). This indicates that gaseous emboli tend to
ave higher MEBR values with longer durations compared to
olid emboli.
A weak negative correlation was observed between
EBR and embolic signal duration for microbubbles (−0.16,
< 0.01) compared to the positive correlation found for solid
mboli (0.57, p < 0.0001). This positive correlation was also
oted by Martin et al. who where studying the relation-
hip between thrombus size and MEBR [12]. They found that
arger solid emboli generated signals of longer duration.
he weak negative correlation between MEBR and signal
uration for microbubbles may relate to a preferred trajec-
ory through the insonated vessel. The velocity distribution
hown in Fig. 2 demonstrates that velocities of emboli have
broad distribution over a wide range of speeds, but these
peeds are relatively low compared to typical speeds at
he centre of the MCA (1m s−1). This is consistent with gas
mboli ﬂoating to the top of the MCA where the speed at
he edge of a vessel is lower, rather than the more even
istribution expected for neutrally buoyant small particles.
Due to the low dynamic range of the TCD machine only
icrobubbles with peak MEBRs below 35 dB, corresponding
o estimated diameters between 2 and 4m, were analysed.
he embolic signal properties in this study therefore rep-
esent a very small distribution of bubble sizes and these
roperties may differ for larger bubbles. However, Chung
t al. observed disruptions in blood ﬂow for solid emboli
ith backscattered intensities of ∼35 dB indicating that the
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[Figure 2 Velocity distribution for 331 microbubbles.
diameter of the embolus may have been close to the diame-
ter of the MCA [11]. They set an upper limit on the maximum
MEBR that can be observed from large solid (thrombus)
emboli of 35 dB. Thus studying microbubbles with MEBR val-
ues equal to or below this threshold provides an excellent
opportunity to determine what signal properties may help
in differentiating between potentially harmful solid emboli
and benign gaseous emboli.
Conclusions
Gaseous embolus properties from 331 microemboli recorded
in vivo during TCD screening for a PFO were signiﬁcantly dif-
ferent from those previously reported for solid emboli. In
particular, gaseous embolus signal duration was found to be
higher than that reported for solid emboli. There was a weak
negative correlation between MEBR and embolus duration in
this study, contrasting with the positive correlation between
MEBR and solid embolus signal duration reported previously.
These distinct properties hold potential in the future devel-
opment of a model, which will enable differentiation of
gaseous from solid emboli using TCD.
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